The detailed conformational change of poly͑N-isopropylacrylamide͒ ͑PNIPAM͒ brushes at high grafting density in D 2 O was investigated as a function of temperature using neutron reflection. PNIPAM chains were grafted at high surface density from gold and silicon oxide surfaces by atom transfer radical polymerization. Whereas single layer profiles were observed for temperatures below and above the transition region, bilayer profiles were observed for a narrow range of temperatures near the transition. This nonmonotonic change in the concentration profile with temperature is discussed in the context of theoretical models of vertical phase separation within a brush. Water-soluble polymers have been known to exhibit unusual bulk solution behavior due to hydrogen bonding. Water-soluble polymers are important in many applications such as aqueous colloidal dispersions ͓1͔, controlled drug delivery ͓2͔, solute separation ͓3͔, tissue culture substrates ͓4͔, and controlling bioadhesion ͓5͔. This class of polymers has been the subject of intense theoretical treatment in recent years. A number of "two state" models have been proposed in which monomers interconvert between hydrophobic and hydrophilic states. These models differ in the presumed physical origin of the two states ͓6-10͔. For example, monomer-monomer contacts may suppress hydrogen bonding with water ͓6-8͔, or cause a difference in dipole moment due to an internal bond rotation ͓9͔. These two state models result in an effective interaction parameter eff that is a function of both the monomer volume fraction and the temperature T. While the two state models were originally motivated by experiments involving poly͑ethylene oxide͒ ͑PEO͒, they may well extend to other water-soluble polymers such as ͑N-isopropylacrylamide͒ ͑PNIPAM͒. PNIPAM exhibits a lower critical solution temperature ͑LCST͒ of ϳ30°C in water that is attributed to alterations in the hydrogen bonding interactions of the amide group ͓11-14͔.
Water-soluble polymers have been known to exhibit unusual bulk solution behavior due to hydrogen bonding. Water-soluble polymers are important in many applications such as aqueous colloidal dispersions ͓1͔, controlled drug delivery ͓2͔, solute separation ͓3͔, tissue culture substrates ͓4͔, and controlling bioadhesion ͓5͔. This class of polymers has been the subject of intense theoretical treatment in recent years. A number of "two state" models have been proposed in which monomers interconvert between hydrophobic and hydrophilic states. These models differ in the presumed physical origin of the two states ͓6-10͔. For example, monomer-monomer contacts may suppress hydrogen bonding with water ͓6-8͔, or cause a difference in dipole moment due to an internal bond rotation ͓9͔. These two state models result in an effective interaction parameter eff that is a function of both the monomer volume fraction and the temperature T. While the two state models were originally motivated by experiments involving poly͑ethylene oxide͒ ͑PEO͒, they may well extend to other water-soluble polymers such as ͑N-isopropylacrylamide͒ ͑PNIPAM͒. PNIPAM exhibits a lower critical solution temperature ͑LCST͒ of ϳ30°C in water that is attributed to alterations in the hydrogen bonding interactions of the amide group ͓11-14͔.
Wagner et al. ͓15͔ and Mattice et al. ͓16͔ applied n-cluster theory ͓10͔ to the behavior of polymer coils and brushes. In addition to a coil-to-globule transition for dilute free chains in worse than conditions, they first suggested the possibility of a vertical phase separation within polymer brushes leading to a bilayer concentration profile. More recently, Baulin and Halperin studied the collapse of water-soluble polymer brushes using both a microscopic model based on the Pincus appproximation ͑assumes uniform stretching but allows spatial variation in segment density and in the distribution of chain ends͒ ͓17͔ and self-consistent field ͑SCF͒ theory ͓18͔. The concentration profiles obtained from the two theories are very similar. They pointed out that a vertical phase separation is predicted by all two state models with suitably strong dependence ef f ͑ , T͒, where the free energy per lattice site is expressed as
This form corresponds to the N → ϱ limit, where N is the degree of polymerization. For a sufficiently strong dependence ef f ͑ , T͒, f ϱ exhibits a concave, unstable region in the range − Ͻ Ͻ + where demixing yields a concentrated inner phase at + and a dilute outer phase at − . For sufficiently high grafting density ͑͒ they showed, for the case of =1/2+ 2 2 where = ef f − ͑1−͒ ‫ץ‬ ef f / ‫ץ‬ and 2 depends on T, that with increasing ef f ͑or T͒ the segment profile changes from a dilute expanded single layer to a somewhat contracted bilayer and then to a more contracted single layer. Regarding the effect of grafting density, they distinguished two regimes. For Ͻ c , where the concentration at the grafting surface o is less than − , no phase separation occurs. On the other hand, vertical phase separation occurs for higher grafting densities such that o Ͼ − . They also calculated profiles for grafted PNIPAM layers at 28°C using experimental data for ͑͒ obtained from the recent study of PNIPAM phase behavior by Afroze et al. ͓19͔ . This analysis also resulted in bilayer profiles near the transition at high and single layer profiles at low . Thus, in addition to the effect of temperature, the variation in profile shape with grafting density is an important testable prediction of this theory. The effect of molecular weight ͑MW͒ on the concentration profile was not examined.
Regarding experimental evidence for a vertical phase transition, indirect evidence has been reported for PNIPAM and PEO brushes. Zhu and Napper ͓20,21͔ studied PNIPAM brushes grafted to polystyrene latex particles immersed in water. The change in particle diameter was measured using dynamic light scattering as a function of temperature, showing dramatic decreases in thickness upon heating both below and above the temperature ͑30°C͒. They suggested that the coil-to-globule transition at temperatures below was driven by relatively weak n-body interactions whereas above the changes in thickness were due to much stronger attractive binary interactions. This two stage collapse may suggest an interpretation in terms of a vertical phase separation ͓18͔. More recently, Balamurugan et al. used surface plasmon resonance ͑SPR͒ and water contact angle measurements to characterize PNIPAM brushes grafted by atom transfer radical polymerization ͑ATRP͒ ͓22͔. The SPR measurements indicated a gradual change in film thickness, whereas the contact angle changed abruptly at ϳ32°C. They interpreted these results in terms of a bilayer profile. They suggested that the outermost region of the brush remains highly solvated until the LCST, while the densely packed, less solvated segments within the brush undergo dehydration over a broad range of temperatures. Finally, Hu and Wu reported evidence for a clustering-induced collapse of a PEO brush ͓23͔. The PEO chains were grafted to PNIPAM microgels. With increasing T, the portion of the hydrodynamic radius contributed by the grafted PEO ͑⌬R h ͒ initially increased as the microgel contracted and the grafting density of PEO increased. However at 32°C, ⌬R h began to decrease sharply ͑a factor of 6 over a few°C͒. This latter effect was attributed to n-clustering attractive interactions triggered at a critical surface density.
In the present work we report direct evidence of a vertical phase separation for a water soluble polymer brush. We used neutron reflectivity ͑NR͒ to study the conformational change of PNIPAM brushes grafted at high surface density from gold and silicon oxide surfaces by ATRP. For the brush on gold, the dry film thickness was 360 Å. The molecular weight and surface density were estimated to be 71 000 g / mol and 0.0054 chains/ Å 2 , respectively ͓24͔. This sample will henceforth be referred to as 71G. The chains are strongly overlapping, with a reduced surface density of R g 2 ϳ 136 at 20°C. For the brush on silicon oxide, the dry film thickness was 570 Å. The molecular weight and surface density were estimated to be 209 000 g / mol and 0.0021 chains/ Å 2 , respectively. The chains are also strongly overlapping for this sample, with a reduced surface density of R g 2 ϳ 173 at 20°C. This sample will henceforth be referred to as 209S. For both of these samples, a nonmonotonic change in conformation with temperature was observed. We report the data below and discuss the results in the context of the first-order vertical phase separation for the PNIPAM system predicted by two state models for water-soluble polymer brushes.
The PNIPAM brushes were synthesized using ATRP, where an alkyl halide was employed as an initiator and a transition-metal complex as a catalyst to create a polymer radical. The detailed synthetic procedure for the sample grafted from gold is described elsewhere ͓22͔. In order to prepare PNIPAM brushes directly on silicon oxide, an organosilane containing a bromo-isobutyrate ATRP initiator was used. The synthetic procedure for the organosilane initiator ͓11-͑2-bromo-2-methylpropinonyloxy͒undecyltrichlorosilane͔ is described in detail elsewhere ͓25͔. The silicon wafers were cleaned with piranha solution, rinsed with water, and then dried in a stream of nitrogen. The cleaned wafers were placed in a toluene solution containing a mixture of undecyltrichlorosilane and initiator and the container was heated at 60°C for 4 h. The silicon wafers were then removed, washed with toluene and ethanol, and then dried in a stream of nitrogen. The initiator-modified samples were placed into a water solution containing the NIPAM monomer and CuBr/ N , N , NЈ , NЈ , NЉ-pentamethyldiethylenetriamine catalyst and allowed to react for various periods of time ͓26͔. The reaction was carried out in a glove box purged with dry nitrogen. The samples were rinsed with THF to terminate the reaction and then cleaned with deionized water and methanol to remove unbound polymer.
The NR measurements were performed on the NG7 reflectometer at NIST. A fixed wavelength of 4.75Å was used. Reflectivity data from the protonated PNIPAM layers in deuterated water were obtained using a liquid cell over a range of temperature from 20 to 41°C. Neutron reflectivity probes the scattering length density ͑SLD͒ profile normal to the surface, which is determined by the density and atomic composition. The SLD profiles were converted to volume fraction profiles assuming additivity of volumes. The SLD profiles were composed of a stack of slabs, where each slab was assigned an SLD, a thickness, and a roughness. The data were analyzed using a small number of unconstrained layers ͑one or two͒ to represent the grafted PNIPAM profile. To constrain the fits to the NR data, the thicknesses and SLD values of the Cr, Au, silicon oxide, SAM, and dry PNIPAM layers were determined in separate experiments and fixed in the analyses. The reflectivity was calculated from the stack of slabs using the optical matrix method ͓27͔. Best-fit profiles were determined by minimization of least squares. X-ray reflectivity, which determines the electron density profile normal to the surface ͓28͔, was used to determine some of the layer thicknesses mentioned above and was performed both at Sandia National Labs and at NIST.
NR data for 71G in D 2 O for a sequence of temperatures beginning at 20°C, after increasing to 41°C ͑well above the LCST͒, and then upon subsequent cooling are shown in Fig.  1͑a͒ . The data are displayed as reflectivity ϫq 4 to compensate for the q −4 decay due to the Fresnel law. The data are shifted on the y-axis for clarity. Reflectivity curves were obtained for 1°C increments in temperature ͑some data not shown͒. Large changes are observed as a function of temperature for q Ͻ 0.04Å −1 , reflecting the change in the PNIPAM segment concentration profile. The reflectivity for q Ͼ 0.04Å −1 is mostly determined by the metal layers, and shows little change with temperature. The change in the reflectivity data with temperature is nonmonotonic, as shown in the expanded view of the lower q data in Fig. 1͑b͒ . The reflectivity returned to that of the original curve as the temperature was lowered back to 20°C. Good reversibility was obtained for several heating-cooling cycles. An hysteresis was consistently observed in the heating and cooling cycle.
Best-fit profiles for selected temperatures are shown in Fig. 2 . The profiles show that the PNIPAM chains expand significantly upon cooling from 41 to 20°C. Specifically, the maximum extent of the layer, defined arbitrarily as the dis-tance at which the volume fraction drops to 0.02, increased from ϳ610Å to ϳ840Å over this temperature range. This has been discussed elsewhere ͓29͔. The focus of this report is the nonmonotonic change in the shape of the profile in passing from 41 to 20°C. At 41°C, the profile is steplike with a smooth transition to bulk water. This indicates that the brush exists in a single dense phase. At 32°C, the profile can still be described by a single layer, although the brush is less dense and more expanded relative to that at 41°C. However, upon further decrease in temperature to 30°C, a single layer profile is no longer an adequate description of the data. This FIG. 1. ͑a͒ Neutron reflectivity data from 71G for a series of temperatures in D 2 O. The curves through the data correspond to best-fits segment concentration profiles shown in Fig. 2 . ͑b͒ Expanded view of the lower q region that shows the nonmnotonic change in the data with temperature.
FIG. 2. Best-fit segment concentration profiles for 71G for
The profile at 30°C was obtained using a bilayer in the fitting analysis, whereas all other profiles were obtained using a single layer. The inset shows the best-fit concentration profiles using a bilayer function for all temperatures. The change in profile shape through the transition is still apparent .   FIG. 3 . Neutron reflectivity data from 71G at 30°C in D 2 O. The data are compared with the best-fit curves using a single layer profile ͑¯͒ and a bilayer profile ͑-͒. The inset shows the 2 values for all temperatures using both single layer ͑b͒ and bilayer ͑k͒ functions in the fitting. For a single layer function, a large increase in 2 occurs for the narrow range of temperatures from 31 to 29°C. The improvement with a bilayer is only significant for that same temperature range.
is shown in detail in Fig. 3 . Agreement with the data requires a bilayer profile in which the segment concentration in the tail and at the surface is increased at the expense of the segment concentration in the middle of the profile. A similar profile shape also results at 31°C and at 29°C. At 28°C the data are again consistent with a single layer profile, and that continues to be the case upon further cooling to 20°C. The inset to Fig. 3 shows that the 2 values obtained using a single layer increase substantially for a narrow range of temperatures near the LSCT ͑31-29°C͒, and that the improvement with a bilayer is only significant for this transition region. This clearly demonstrates a significant change in profile shape near the transition. The inset to Fig. 2 shows that the conclusion of a nonmonotonic change in profile shape still results if a bilayer function is used in the fitting for all temperatures. In that case, the fits converge to a profile shape that approximates a single layer for temperatures far from the transition.
Analogous results for 209S are shown in Figs. 4 and 5. Figure 4͑a͒ shows the reflectivity for a series of temperatures beginning at 20°C and then increasing to 40°C. The solid lines are best fits using a single layer to describe the PNIPAM brush. The fits are adequate from 20 to 27°C and for 35 to 40°C, but are clearly inadequate for 30 to 33°C. Figure 4͑b͒ shows an expanded view of the data for 29 to 34°C, comparing best-fits using both single layer and bilayer functions for the PNIPAM brush. In the transition region where the single layer is inadequate, the bilayer function is an adequate description of the data. The profiles for 27, 32, FIG. 4 . ͑a͒ Neutron reflectivity data from 209S for a series of temperatures in D 2 O. The curves through the data correspond to best-fits using a single layer to describe the PNIPAM brush. ͑b͒ Expanded view of the lower q region for temperatures in the transition region. Solid lines correspond to fits using two layers to describe the PNIPAM brush, and dashed lines indicate fits using one layer to describe the PNIPAM brush. and 34°C are compared in Fig. 5͑a͒ . The strong change in the profile shape at the transition is even more apparent for this sample than for 71 G. Profiles for several temperatures in the transition region are plotted in Fig. 5͑b͒ . This shows the progressive change in profile shape. A slight excess of segment density appears first in the central portion of the profile. Upon further heating, the transition between the two layers becomes sharper and the segment density in the layer furthest from the substrate decreases.
Whereas the trend from a single layer to a bilayer and back to a single layer form is consistent with the predictions of Baulin and Halperin, an important aspect of our data is not captured in their predictions. For the temperature range where the bilayer profile is observed, the extension of the profile into D 2 O is significantly greater than that at temperatures on either side of that range. This is shown in Fig. 6͑a͒ for 71G, where the first moment of the segment profile is plotted versus temperature. A peak in this plot results even when a single layer function is fit to the data at all temperatures, which demonstrates that the peak is not an artifact of using a bilayer function near the transition. The peak results for both heating and cooling through the transition as shown in Fig. 6͑b͒ , but is shifted to slightly higher temperatures for the case of heating through the transition. Analogous results for 209S are shown in Fig. 6͑c͒ , which also displays a peak in the first moment of the profile through the transition. We do not fully understand this effect. It might be due to an increased local stiffness resulting from changes in the local FIG. 6 . ͑a͒ First moment of the segment volume fraction profiles for 71G as a function of temperature upon cooling from 41°C. The symbols indicate results using bilayer ͑k͒ and single layer ͑b͒ functions in the fits. ͑b͒ Comparison of the change in first moment for heating ͑ᮀ͒ versus cooling ͑͒ 71G through the transition. The maximum occurs at a slightly higher temperature when heating through the transition. ͑c͒ First moment of the segment volume fraction profiles for 209S as a function of temperature upon heating from 20°C. The symbols indicate results using bilayer ͑k͒ and single layer ͑b͒ functions in the fits.
interactions near the transition, such as ordering of water molecules around the chain segments. Alternatively, it might reflect nonuniform swelling of the brush, and the interplay of the temperature and segment volume fraction dependencies. For example, if, rather than a uniform swelling of the brush, a dilute tail emerges first from the contracted layer upon cooling, the low concentration in the tail will result in a low value of ef f and relatively good solvent conditions. If subsequent swelling upon further cooling occurs by an increase in the segment density in the tail, the increased segment density will initially cause stronger swelling due to the osmotic interaction. Eventually however, the concentration dependence of ef f will take over and the decreasing solvent quality due to the increased segment density in the tail will cause the extension of the tail to decrease. Thus, it appears that nonuniform swelling could cause the overall extension of the chains and the first moment of the profile to pass through a maximum. The present observation appears to be similar in nature to the maximum in ⌬R h as a function of temperature reported by Hu and Wu for PEO chains grafted to PNIPAM microgels ͓23͔.
We also considered the possibility that lateral effects might play a role. Lateral aggregation within polymer brushes was reported by Lai and Binder using a Monte Carlo simulation ͓30͔. Balaz and co-workers ͓31,32͔ later studied lateral instabilities in grafted layers in a poor solvent ͑UCST system͒ using a two-dimensional numerical SCF theory. However, atomic force microscopy images of our PNIPAM films in water at 20 and 40°C showed very little change in lateral aggregation.
NR data have also been obtained for two lower molecular weight samples grafted at the same high surface density ͑identical SAM composition͒ as 71G. These samples had molecular weights of 44 000 and 13 000 g / mol. The change in profile shape through the transition described above becomes less signficant with decreasing N. A smaller, but still measurable, effect in the profile shape and in the first moment were observed for the 44 000 g / mol sample ͓33͔, but no such effects were apparent for the 13 000 g / mol sample. The effect of molecular weight on vertical phase separation within a brush has not yet been studied theoretically. We also note that no such nonmonotonic change in profile shape was observed for a brush grafted from gold with a relatively high molecular weight of 152 000 g / mol but with a lower surface density of = 6.3ϫ 10 −4 Å −2 ͓34͔. Thus the effect is most prominent for brushes with both high surface density and high molecular weight. The former is consistent with the prediction of Baulin and Halperin of a critical surface density for vertical phase separation.
In conclusion, we report direct evidence for a vertical phase separation in water-soluble polymer brushes using NR. PNIPAM chains were grafted at high density on both gold and silicon oxide using ATRP. Upon heating or cooling through the transition, the segment concentration profile changed from a single layer, to a distinct bilayer, and then back to a single layer. The bilayer profile was observed for a narrow temperature range near the LCST and corresponded to a sharp increase in the first moment of the profile. The effect became weaker with decreasing molecular weight or surface density.
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taining 90% OH termination, as for the present sample. Gel permeation chromatograhy ͑GPC͒ analysis of this sample using polystyrene standards for calibration gave a weight average molecular weight of 98 500 g / mol and a polydispersity of 2.1. The surface polymerization yielded a dry film thickness of 500 Å + / −20 Å. The weight average molecular weight from GPC for the bulk polymerization and the dry film thickness of the surface polymerization correspond to a surface density of 5.4ϫ 10 −3 chains/ Å 2 . Assuming the surface density is constant for all polymerizations with 90% OH termination, this value combined with the dry film thickness of 360 Å for the present sample corresponds to a weight average molecular weight of 71 000 g / mol. In Refs. ͓29,33͔, we reported a surface density of 3.1ϫ 10 −3 chains/ Å 2 for 71G. This value was obtained assuming that the melt density of PNIPAM is 1.0 g / cm 3 . However, the density obtained from the measured SLD of the dry sample is 1.76 g / cm 3 , which corresponds to the value 5.4 ϫ 10 −3 chains/ Å 2 reported above.
